We developed an apparatus and technique for the simultaneous measurement of functional residual capacity and oxygen uptake (V0 2 ) for use in intensive care unit (fCU) patients. The accuracy of the functional residual capacity measurement was proven using an in vitro lung model and the reproducibility of this measurement was established by use in fCU patients. We tested the accuracy of the V02 measurement in comparison with two other methods in common use among fCU patients and our method proved accurate. We conclude that this technique for measurement of functional residual capacity and V02 is highly accurate and easily applied to patients on any mode of mechanical ventilation.
Oxygen consumption (V02) is another physiologic parameter which has frequently been measured in ICU patients. Several techniques are available for this measurement including Douglas bag collections of expired gas and on-line computerised monitoring of mixed expired gas concentrations and expired volume. The oxygen uptake may also be calculated using the Fick equation by multiplying the cardiac output (CO) obtained by thermodilution technique by the difference in 02 content between arterial and mixed venous blood (C(a-v) 02). All of these techniques have been shown to be applicable to patients requiring mechanical ventilation but little data is available comparing their accuracy.
The purpose of this report is to describe a device and technique for obtaining a simultaneous measurement of both FRC and V02 which we have found to be accurate and reliable. The apparatus is portable and the test can be accomplished in a few minutes without disturbing the patients' ventilatory support.
MATERIALS AND METHODS

1) Equipment and technique
FRC was determined using the closed circuit helium rebreathing technique. The circuit is shown diagramatically in Figure 1 and was modelled closely after a circuit described by Suter. 5 Our apparatus contains no motor blower since gas was mixed thoroughly by cyclic compression of the bellows-in-box. This was accomplished by the ventilator during the FRC determination and by using a self-inflating resuscitator bag while preparing the circuit for use. The bellows is a rubber accordion-like chamber with a weighted bottom obtained from a fluidic ventilator (Monaghan-Model 225, Littleton, Colorado, U.S.A.). A movable platform controlled by a handcrank determines the bottom resting position of the bellows, allowing determination and adjustment of the patient's tidal volume while he is being ventilated by the closed circuit. The valves (V I, V2, V3) are disposable pneumatic diaphragm valves (Becton Dickinson, Lincoln Park, N.J., U.S.A.) and are controlled as described below. Before each use, the system is tested for leaks as suggested by Suter.;
The oxygen meter (OM-I 1 , Beckman Instruments, Schiller Park, Ill., U.S.A.) is linear and accurate throughout the 0-to-100OJo range of oxygen concentration and is unaffected by the presence of helium (He). However, the He meter (Warren E. Collins, Braintree, Mass, U.S.A.) is affected by oxygen. Oxygen concentrations above 0.2093 caused the He meter to overestimate the He content of sample gas in a linear fashion so that the He meter displayed almost 2070 He when 100070 oxygen was sampled ( Figure 2 ). A correction formula was therefore derived by measuring the apparent concentration of He in various background gases containing a broad spectrum of volumetrically determined oxygen-nitrogenhelium mixtures and used to correct the apparent helium fraction (He) to the true helium fraction (He*):
He* = He -(F0 2 -0.2093) 37.7 where F02 is the fraction of oxygen present.
The spirometer is a 1O-litre Stead-Wells model (Warren E. Collins Braintree, Mass., U.S.A.). The procedure for measuring FRC and \102 is as follows: the system is flushed with room air and the spirometer allowed to come to rest in its empty position. The system then contains about 5 litres of air. Oxygen is added in a volume sufficient to increase the F02 to approximately the same level as the patient's ventilator provides. The gas is mixed by compression of the bellows using a selfinflating resuscitator bag and then the spirometer is emptied again. About 500 ml of He is then introduced into the system via a sidearm in the spirometer tubing and mixed until the He concentration stabilises. Gas is pumped continuously through the He and oxygen meters at 500 ml per minute and returned to the system. The position (PI) of the spirometer pen is recorded at this time as are the helium and oxygen meter readings (Hel and °1)· Enough oxygen (usually about 500 m!) is then introduced into the system so that the F0 2 of the resulting mixture will be slightly higher than the F02 provided by the patient's mechanical ventilator. Again the gas is circulated and the meter readings (He2 and 02) and spirometer pen position (P2) are recorded. The system is now ready for use ( Figure 3 All patients were ventilated by the MA-1 ventilator (Puritan-Bennet Corp., Los Angeles, Calif., U.S.A.). The patient's endotracheal tube was disconnected from the ventilator tubing at the Y-piece and each reconnected to the FRC circuit as shown in the insert of Figure  1 so that the patient was ventilated via the short circuit. This added approximately 100 ml deadspace so that we ordinarily increased the ventilator's tidal volume by 100 ml at this point. If we wanted PEEP to be maintained during our measurement, we connected the ventilator's exhalation valve (Vd and the FRC circuit valve (V2) in parallel to the ventilator PEEP valve port. If we wanted PEEP to be reduced to zero during our measurement, we connected V 2 to the spirometer control valve port on the ventilator while maintaining PEEP on V I. (The spirometer control valve port ordinarily operates emptying of the ventilator spirometer). PEEP would then be discontinued when the patient was turned into the FRC circuit and the spirometer volume would promptly increase by exactly the difference between FRC on PEEP and FRC off PEEP ( Figure 4 ). MIXING TIME (minutes) (16 mm x spirometric cal x BTPS factor.)
As shown by Katz 6 and confirmed by us, the new FRC is established and stable within 4-5 breaths after a change in PEEP. This allows measurement of V0 2 , FRC and also the increment in FRC produced by PEEP. PEEP was removed only if the patient could safely tolerate the discontinuation of PEEP for the duration of our measurements (about 2 minutes). When PEEP was in use, the bellows box would also be subjected to PEEP were it not for V 3 , which is connected to the spirometer-control valve port, allowing pressure in the bellows box to return to atmospheric and thus permitting the bellows to fill completely between breaths.
To begin the measurements, the two two-way valves (T-shape stopcock, Warren E. Collins, Braintree, Mass., U .S.A.) are turned simultaneously at end-expiration so that the ventilator compresses the bellows-in-box and the patient is ventilated by the closed circuit. Equilibration continues until the He concentration reaches a nadir and then begins to rise slowly. During this time, \T02 is recorded as a fall in the baseline end expiratory point on the paper trace of the spirometer (Figure 3 ). After He equilibration has occurred, the two manual valves are again turned simultaneously at the patient's end expiratory point and he is again ventilated by the short circuit. During the FRC procedure, the patient's tidal volume may be monitored and adjusted by changing either the ventilator tidal volume or the resting point of the bellows.
However, if the bellows' resting point is adjusted during the procedure, it must be carefully returned to its initial position before the final spirometer position is recorded. After the patient has been returned to the short circuit, again the gas in the system is circulated and then the final concentrations of gas (He3 and 03) and the final position of the pen (P3) are recorded. If PEEP had been removed during the test, P3 is then adjusted downward by a volume equal to LFRC (Figure 4) . The initial volume of the system (vol at PI) is calculated according to the formula: Carbon dioxide was removed by the soda lime granules so that loss of volume from the system during rebreathing reflects \T02 (Figure   3 ). We ensured that C02 removal was complete by continuous monitoring of the closed circuit gas by a capnograph (LB-2, Beckman Instruments, Schiller Park, Ill., U.S.A.). Oxygen consumption was calculated according to the following formula:
\'02 = (P3 -P2) x spirometer cal re breathing time FRC was then corrected to BTPS and oxygen consumption to STPD by standard correction formulas. The calculations were quickly performed by a calculator (Model TI-59, Texas Instruments, Dallas, TX, U.S.A.) programmed for this purpose.
Testing involving normal volunteers was performed on healthy laboratory personnel, and testing of patients was reviewed and approved by the University Committee for Conduct of Human Research and informed consent was obtained from the subject's next of kin. Statistical testing was performed using Student's t test for paired data.
2) Experimental studies a) Measuring the Volume of a Plastic Lung Model
In order to evaluate the accuracy of this apparatus and the reproducibility of results, we measured the volume of a plastic lung model five times in succession. The actual volume of the lung model was determined by filling it with water while being careful not to cause overdistention. The volume determined by water filling was 1,650 m!. b) Measuring the FRC of Healthy Subjects We measured the FRC of healthy spontaneously breathing subjects whose FRC had previously been determined using the Maxi-Mod system (Warren E. Collins, Braintree, Mass., U.S.A.) which also uses the helium dilution principle.
c) Determination of Reproducibility of the FRC Measurement in Patients on Mechanical Ventilation
The reproducibility of FRC measurement was assessed by performing the measurement in duplicate in 8 patients on mechanical ventilation. All but two of these patients were paralysed by the injection of pancuronium bromide during our procedure.
d) Comparison of V02 Values Obtained by Closed Circuit Rebreathing, Fick Method, and Analysis of Inspired and Mixed Expired Minute Volume and F02
We compared these three methods of measuring V0 2 to evaluate the reliability of the closed circuit rebreathing technique. The Fick equation was used to calculate V02 by mUltiplying cardiac output (mean of 3 determinations by the thermodilution method) by the difference between arterial and mixed venous oxygen contents. Analysis of inspired and mixed expired minute volume and inspired F02 employed the following formula: 8 When the two non-paralysed patients were excluded, the mean difference between the two determinations was only 2.9% (range 0.1-8OJo Results are shown in Table 1 along with values of carbon dioxide production (V C02) measured by analysis of mixed expired minute volume and fraction of carbon dioxide. The closed circuit rebreathing method compared favourably with the other two methods in yielding values of R between 0.7 and 1.1.
All gas fractions and partial pressures were measured dry and (PB -PE02 -PEC02) (PB -PI02) is a factor which corrects for the difference between inspired and expired minute volume. * RESULTS a) Measuring the Volume of Plastic Lung Model The mean volume determined by our apparatus was 1,640 ml (SD 25 ml). The accuracy was therefore within IOJo and the coefficient of variation for repeated measurements was 2 OJo.
b) Measuring the FRC of Healthy Subjects
There was no statistically significant difference between FRC measured by the Maxi-Mod system and FRC measured by our apparatus. The mean difference between these two values was 8.1 OJo (range 2.2 to 1O.9OJo).
c) Determination of Reproducibility of the FRC Measurement in Patients on Mechanical Ventilation
The mean difference between the first and second determination of the FRC was 5OJo (range 0.1 to 13.5OJo) (P = NS). All but two of these patients were paralysed pharmacologically which no doubt improved the accuracy and reproducibility of our results.
Anaesthesia and Intensive Care, Vol. 11, No. 2, May. 1983 Capnographic analysis of the closed circuit gas during rebreathing confirmed complete removal of C02 by the soda lime granules (C02 always less than O.IOJo).
DISCUSSION
Our apparatus permits the accurate measurement of the functional residual capacity and oxygen uptake of patients in intensive care units and does not require cardiac catheterisation. Although the most accurate data will be obtained when patients are paralysed and on controlled ventilation, our technique is also applicable to patients who are ventilated by assist/control or IMV modes. The overall accuracy of the FRC measurement is comparable to that of the pulmonary function laboratory.9,IO PEEP may be maintained during the procedure or eliminated as desired.
Actual measurements of the FRC may help explain the cause of hypoxaemia and help predict whether PEEP is likely to increase the Pa02. Abnormally small lung volume is associated with a high shunt fraction; I thus knowledge of an individual patient's FRC and its response to PEEP should facilitate the proper selection of PEEP levels. Measurement of V02 may be clinically useful in several settings. It is frequently reduced at the onset of shock and has been shown to correlate with survival in shock patients. 11 Those with a progressive decline in V02 suffer a very high *PB = barometric pressure; P E Q2' P E C0 2 = partial pressures in expired gas of O 2 and CO 2 respectively; PP2 = partial pressure of O 2 in inspired gas; YE = exhaled minute volume. mortality rate. Measurement of \102 may also be helpful in adjusting vasopressor or vasodilator therapy in shock patients to maximise tissue oxygenation. 12 Recently, overzealous nutritional support has been found to cause an unnecessarily high level of \102 with a corresponding excess of VC02. Patients with impaired ventilatory ability may not be able to maintain a normal PaC02 when VC02 is high. 13 Determination of the respiratory exchange ratio (R) can thus aid in ventilator weaning.
Since there is no absolute "gold standard" measurement for v0 2 in patients on mechanical ventilation, all results of the three techniques are reported and the VC02 (STPD) by Douglas bag technique is listed for each set of three measurements of v0 2 . R can be used as a rough guide to the accuracy of the V02 measurements and has been calculated in each case. Theoretically, the Douglas bag technique should be the most accurate since V02 is measured simultaneously with VC02, whereas the other measurements of V02 were performed a few minutes earlier or later and it is possible that the actual V02 could have changed during this time. This source of error is minimised, however, since only a few minutes elapsed between methods and most patients studied were paralysed by pancuronium bromide.
The results indicate that the closed circuit technique compares favourably with the Fick and Douglas bag methods, but no method flawlessly led to the calculation of R values between 0.7 and 1.1, which are generally accepted as the true physiologic range for steady-state conditions at rest. It is noteworthy that the two patients (#8, #12) who were not paralysed are the only two whose R by the rebreathing technique was unacceptably low. This may have been due to an actual change in v0 2 since the time of the Douglas bag collection. Although the Douglas bag method for VC02 is not very prone to error, inaccuracies may occur from leaks around the patient's endotracheal tube cuff. It is also possible that steady-state conditions (for V02, VC02, and body contents of 02 and C02) did not exist during all the measurements. Errors could also result from inaccuracies of the cardiac output determinations in Method 1, difficulty in precise determination of F102 in Method 2 and leakage of gas out of the closed circuit in Method 3.
In conclusion, we have described an apparatus for the measurement of FRC and V02 for use in ICU patients which is portable, accurate and reasonably easy to operate. It can also measure the change in FRC due to changes in PEEP. The data presented here shows that the measurements obtained by this technique are comparable in accuracy to studies of ambulatory patients performed III the pulmonary function laboratory.
